In this paper I look at Coulson's Valence not as the textbook that ended the hegemonic reign of Pauling's The nature of the chemical bond, but as the outcome of an ongoing conversation, either literal or metaphorical, between Pauling and Coulson, in which each scientist was responding to the other, agreeing or disagreeing with him, in the process revising his ideas, and writing the successive editions of his textbook. Far from merely expository devices, these textbooks were central pieces in an intellectual dialogue involving their authors about scientific theories and the status of concepts and, to a certain extent, about their competing philosophies of science.
INTRODUCTION
In an obituary notice, the Nobel Prize winner Roald Hoffman evaluated the contributions to quantum chemistry of the trio Linus Pauling, Robert Sanderson Mulliken and Charles Alfred Coulson in the following manner:
American and British chemists had secured a place for quantum mechanics in chemistry, through the charismatic exposition of Linus Pauling, the quieter and deep reflections of Robert Mulliken, and the elegant and perceptive teaching of Charles Coulson. 1 were no empirical or predictive reasons to account for the early success of the VB method, which owed much to the persuasiveness of Pauling as a teacher and textbook writer. Specifically, Pauling's textbook The nature of the chemical bond (1st edition 1939) was never challenged by any textbook written by Mulliken, who in fact wrote none. It was rivalled only by Coulson' s Valence (1st edition 1952), a textbook that was published more than a decade later.
Textbooks are privileged means of conveying science to students, of training them in the skills of the trade, and they often arise as the end product of years of lecturing to successive classes of students. Viewed from this perspective, they are reified conversations between teacher and students. However, textbooks have been presented as dogmatic expositions of science, stripped away of all novelty, far away from the turmoil of science in the making; in sum, privileged means of indoctrinating students in the practices of normal science. Historians of science have challenged this view. 2 They have claimed that the distinction between science in the making and science ready-made is often not so clear cut, and therefore textbooks should not be seen as neutral vehicles of normal science.
In this paper I look at Coulson's Valence not as the textbook that ended the hegemonic reign of Pauling's The nature of the chemical bond, but as the outcome of an ongoing conversation, 3 either literal or metaphorical, between Pauling and Coulson, in which each scientist was responding to the other, agreeing or disagreeing with him, in the process revising his ideas, and writing the successive editions of his textbook. To support my analysis of the successive editions of both textbooks I correlate them with other relevant outputs by both authors (review papers, correspondence and manuscripts). I will centre the discussion on the concept of resonance introduced by Pauling to explain the properties of molecules such as benzene for which no single VB structure accounts for its chemical behaviour.
Far from being merely expository devices, 4 these textbooks were central pieces in an intellectual dialogue involving their authors about science in the making, the role of scientific theories and the status of concepts and, to a certain extent, about their competing philosophies of science. From this new perspective, both textbooks are seen not just as reified conversations between teacher and students but also as reified conversations between both authors who in the process sharpened their views about quantum chemistry (and about science) and afterwards conveyed them to readers and students. As chemistry has often been claimed to be a science in which conversations have a prominent role, 5 this new vantage point looks at textbooks as conversational devices, in many respects at the same level as conversations central to the forging of science itself.
ENTANGLED TRAJECTORIES: LINUS PAULING, CHARLES ALFRED COULSON AND THEIR TEXTBOOKS
Pauling's first attempt at textbook writing Although there has been a tendency to associate Pauling with the articulation and lifelong defence of the VB method, it is instructive to point out that in the early years of his career, Pauling explored the possibilities of molecular orbitals (binuclear orbitals), first in the framework of the old quantum theory and then in the context of the new quantum mechanics. 6 Although this early avenue was abandoned, Pauling continued to look for a quantummechanical explanation of the chemical bond. It was finally articulated in the famous series of seven papers, 'The nature of the chemical bond ' (1931-33) , in which notions such as hybridization, maximum overlapping, and resonance between VB structures were put forward.
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He was then a full professor at California Institute of Technology. At about the same time, Mulliken was exploring in Chicago the same problem from a totally different perspective. It amounted to a complete abandonment of the old notion of chemical bonds and its replacement by the alternative conception of molecular orbitals (in the series 'Electronic structure of polyatomic molecules and valence ', 1932-35) . Despite these seemingly opposite viewpoints, which came to be known respectively as the VB and the MO theories, the fact of the matter was that, no later than 1935, a review paper by John H. Van Vleck and A. Sherman proved both approaches to be mathematically equivalent. 7 Having this proof in mind, their differences were accordingly to be found at the ideological level, a fact that Mulliken noted soon when he poignantly characterized the VB theory as following 'the ideology of chemistry'. 8 It is in this context that one should consider the failed attempt of Pauling and his former student Wheland at writing a textbook, Quantum mechanics of organic molecules, in which they planned to offer an extensive comparison of the VB and the MO methods. During the academic year 1936/37 they outlined its chapters and allocated tasks to each co-author. Wheland prepared the introductory chapters based on the VB method, and Pauling was in charge of the chapters on the comparison of both methods. Wheland's part was soon completed and revised by Pauling, but Pauling never managed to deliver his share of the project. 9 It is interesting to speculate on the reasons behind the failure of the only project for which we have evidence in which Pauling was willing to take seriously the MO method and to contrast the performance of both the VB and the MO methods when dealing with organic molecules. Certainly, Pauling's attention was then drifting towards applications to larger molecules of biological interest, but more importantly this failure hints at Pauling's inability to stand on the MO reference frame. This incapacity was certainly the outcome of the articulation of a chemical theory centred on the concept of resonance, the correlated belief that resonance stood for as real a molecular phenomenon as any other molecular property, and that resonance theory was as much a chemist's artefact as any other theory.
The first and second editions of The nature of the chemical bond This much was discussed in the first edition of The nature of the chemical bond (1939), which was organized around the central notion of resonance. 10 In this way, resonance, which Pauling appropriated from the new quantum mechanics, together with the major questions discussed in his papers, was presented to an enlarged audience of fellow chemists and students.
Furthermore, the book stood as the foundation stone of a program of reformation of chemistry from the standpoint of the theory of resonance, which was to become Pauling's hallmark and was outlined in a practical way in textbooks such as General chemistry (1947) 11 and College chemistry (1950). 12 Quantum chemistry notwithstanding, the teaching of chemistry should in the first place get students to develop a 'feeling for chemistry', through contact with chemical compounds and their properties. At the introductory level the teaching of chemistry should not rely on extensive mathematical apparatus but should depend on traditional structural notions such as chemical bonds. And the idea of resonance was introduced as an embodiment of former structural ideas.
Pauling was aware of the difficulties faced by chemists in understanding such unfamiliar concepts as the quantum-mechanical concept of resonance and the resonance of molecules between several VB structures. He noted the existence of an 'element of arbitrariness' in the use of the concept of resonance as a result of the choice of canonical structures in discussing the state of the system, but he argued forcefully that 'the convenience and usefulness of the concept of resonance in the discussion of chemical problems are so as to make the 261 A quantum chemical dialogue mediated by textbooks disadvantage of the element of arbitrariness of little significance.' 13 This, as he repeatedly stated, was his constructive criterion for theory building in chemistry. Besides, he reminded his readers that an equivalent element of arbitrariness occurred in essentially the same way in the classical resonance phenomenon.
Finally, he contrasted resonance with traditional chemical concepts such as mesomerism and tautomerism and discussed the reality of canonical structures. Even such a clear and succinct writer as Pauling could not at times avoid making apparently contradictory statements. As to the relation between resonance and tautomerism, Pauling sometimes seemed to be claiming that they were the same: 'There is no sharp distinction which can be made between tautomerism and resonance', 14 and at others that they were distinct: 'It is convenient in practice to make a distinction between the two which is applicable to all except the border-line cases', 15 differing in the following way:
Whereas a tautomeric substance is a mixture of two types of molecules, differing in configuration, in general the molecules of a substance showing electronic resonance are all alike in configuration and structure. 16 The same ambiguity arose in discussing the reality of different canonical structures. Is it the case that the two Kekulé structures associated with the benzene molecule are real? Pauling claimed that 'there is one sense in which this question may be answered in the affirmative', 17 but immediately added:
the answer is definitely negative if the usual chemical significance is attributed to the structures. A substance showing resonance between two or more VB structures does not contain molecules with the configurations and properties usually associated with these structures.
Responding to Pauling: the chemical bond in the molecular orbital context
A mere two years after the first edition of The nature of the chemical bond came out, Coulson made his first incursion into textbook writing, at the same time extending the MO method with characteristic verve (table 1) . The mathematization of quantum chemistry was to become his hallmark. Away from the centre, isolated in Dundee during wartime and still at the beginning of a university career, Coulson delivered a little book, Waves, in which he explored the unifying power of mathematics in treating wave phenomena. He continued writing textbooks until the very end of his life. The textbook Electricity followed (1948), then Valence (1952, 1st edition), certainly his most renowned textbook, and finally The shape and structure of molecules (1973). 21 At the same time, as if warming up to deliver Valence, Coulson began articulating a response to Pauling's programme outlined in The nature of the chemical bond. In a paper deliberately called 'Quantum theory of the chemical bond' (1941) Coulson appropriated Pauling's concepts of hybridization and of maximum overlapping and translated them into the language of MO. 22 Whereas Mulliken was adamant that there was no such thing as a chemical bond, for Coulson MO theory did not have to abandon a pictorial interpretation of chemical bonds. On the contrary! He filled his paper with diagrams, which later became familiar to any college chemistry student, depicting the formation of the MO in water, the formation of 'double-streamers' in ethylene, and the formation of the chemical bonds in benzene depicted by what came to be known as the 'doughnut' model. He went on to explore the notion of the chemical bond in the framework of MO, 23 at the same time as he became increasingly critical of the notion of resonance, 24 in the sense that, for him, resonance was not definitely a molecular property but just a heuristic device. The presentation of MO and VB theory did not follow their historical order of appearance. MO theory was selected as the first topic because it is 'conceptually the simplest'. 25 Although Valence was undoubtedly a book sympathetic to the MO viewpoint, it did not develop any rhetoric to condemn the VB method. Coulson considered both schemata as approximations whose range of validity had been sufficiently understood 'for us to recognize the folly of trusting to either alone'. 26 In the book Coulson acknowledged that resonance was one of the most powerful ways in which chemical intuition guided one into finding suitable wavefunctions, and that the appeal of the VB method lay in its selection of component wavefunctions that carry pictorial connotation. No analogous comments can be found for the MO approach. However, the book included the new diagrams introduced in the papers referred to above, offering a visual representation of the formation of bonds in water, ethylene and benzene.
In the third part of the book Coulson used both methods indiscriminately, contrasting them in public in a way that Pauling never managed.
Valence was a hit. It sold very well and at a very reasonable price for students. In the three years after its publication 8000 copies were sold; the American market contributed to absorb a considerable fraction of the copies printed, because of the many colleges that adopted this textbook. The same was to happen with the second edition (1961). 27 The correspondence between Pauling and Coulson As soon as his 'little' book Valence appeared, Coulson made sure to send a copy to Pauling. 28 In the first days of September 1952 a review of the book by Pauling appeared in Nature. The review was definitely hostile. Pauling felt that both the treatment of the mathematics behind quantum mechanics and the facts of structural chemistry were brief and sketchy. He added: 'It is my opinion that the student (the author says in the preface that the book is intended for chemical students) needs to build up a solid and complete framework of one sort or another, without gaps.' 29 According to him none was offered in this textbook. He further accused Coulson of over-enthusiasm for the MO method, which pushed him to make various unsupported claims. The marginalia in Pauling's copy of Valence reveal the criticisms put forward in the review and go even further by claiming: This is not a book about the broad subject of valence as the chemist understands and uses it but is a book about the quantum-mechanical theory of covalence. There is no mention of oxidation number, the ordinary valence used by the chemist in the consideration of oxidation-reduction reactions, nor is there any general discussion of the valencies of the elements in relation to atomic numbers. 30 Coulson immediately replied to Pauling. Two of Pauling's remarks particularly worried him. Not unexpectedly, one concerned Coulson's 'over-enthusiasm for the m[olecular] o[rbital] method', the other his treatment of hybridization, to which a whole chapter was dedicated. He concluded his letter asking for help:
Predictably, in his reply Pauling conceded that the chapter on 'hybridization' particularly disturbed him because hybridization was a concept he 'discovered (or invented)' 32 and was the cornerstone of his resonance theory; he felt that Coulson did not give him proper credit. In fact, in Pauling's copy of Valence all critical comments handwritten in the margins appear in the section on 'Hybridization'. 33 Pauling pointed out that most of the material contained in the chapter was first published in his 1928 paper, 34 in which he hinted at hybridization as a possible explanation for the tetravalence of carbon, and then, in the first paper of the 'The nature of the chemical bond' series (1931), 35 in which hybridization (not yet named as such) was discussed analytically, together with overlap integrals, the strength of bond orbitals, tetrahedral hybrid orbitals, trigonal-digonal hybrids, and so on.
Despite also being critical on other matters, Pauling was willing to confess that his comments should be taken as personal opinions about questions to which there did not yet seem to be any final answers. And in a subsequent letter, Pauling even explored alternative solutions to their points of contention. 36 In his answer to Pauling, Coulson apologized for his unintentional unfairness towards some viewpoints associated with Pauling, confessed that 'I have learnt so much from your work myself as to make me always grateful', and agreed with Pauling on the importance of the 1931 paper:
I agree with you that the 1931 paper was one of the best things you have ever done; and this is still true even if we discover, as time goes on, that a good many of the details require a certain amount of alteration. 37 In Pauling's final reply, 38 the angry tone of his former letters disappeared.
Pauling reasserts his point of view
Pauling deemed it so important to reiterate his views on resonance theory that he again made his position public in Perspectives in organic chemistry (1956) 39 and later on in the third edition of The nature of the chemical bond (1960) . 40 More than the question of the artificiality of resonance, to which he had also alluded briefly in his Nobel Prize lecture (1954), 41 he wanted, once and for all, to state as clearly as possible his views on the constitutive character of theory in quantum chemistry. In the preface to the third edition of his well-known textbook, Pauling pointed out that the theory of resonance involves 'the same amounts of idealization and arbitrariness as the classical VB theory'. 42 A whole section was added to discuss this question, bearing the revealing title 'The nature of the theory of resonance'. 43 There, he argued that the objection concerning the artificiality of theoretical entities behind concepts applied equally to resonance theory and to classical structure theory. To abandon the resonance theory was tantamount to abandoning the classical structure theory of organic chemistry. Were chemists willing to do that? According to Pauling, chemists should keep both theories because they were chemical theories and as such possessed 'an essentially empirical (inductive) basis'. 44 Coulson's second edition of Valence and Pauling's The chemical bond Despite Pauling's insistence on the central role of his structural approach to quantum chemistry, he most probably felt that in Coulson he had found, at long last, a non-antagonistic and understanding interlocutor. In fact, the second edition of Valence (1961) incorporated most of Pauling's comments and gave more weight to his two earlier papers, and there is more use of resonance. 45 But despite Coulson's always conciliatory turn of mind and his declaration of impartiality as to being on the side of the VB method or the MO method, the 265 A quantum chemical dialogue mediated by textbooks fact remains that the latter viewpoint received an impressive boost with Coulson's two editions of Valence. Coulson was also uncharacteristically assertive about the status of resonance. He objected to Pauling's choice of raising resonance into a chemical category, taking resonance as just a heuristic device, an algorithm or a metaphor or simply one pedagogically expedient method (out of various) for understanding quantum chemistry. And, as late as 1970, Coulson could assert that 'resonance is a dirty word'. 46 In contrast, Pauling temporarily softened his position. Despite his stubborn lifelong insistence on the unmatchable role of resonance theory, in the abridged version of The nature of the chemical bond, published in 1967, and specifically addressed at students, 47 Pauling made a small concession. In the sections 'The hydrogen molecule and the electron bond' and 'The structure of aromatic compounds', he introduced students to the MO approach. Simultaneously, he stripped the textbook of all considerations as to the nature of resonance. However, 13 years later Pauling disparagingly commented, 'it was a tragedy that the writers of elementary textbooks of chemistry decided to discuss the molecular orbital method'. 48 
CONCLUSION: TWO SCIENTIFIC WORLD VIEWS
When looking at the different editions that The nature of the chemical bond and Valence went through as a result of their authors' ongoing dialogue, one is struck by the evenness of the two discussants: both were charismatic leaders and enthralling teachers, both had humanitarian commitments and they shared the appeal of popularization. Even though they were usually presented as scientists in opposing camps regarding the chemical bond, the fact of the matter was that they were in agreement on many counts. They agreed on the importance of what counts as 'appropriate' and 'effective' training, namely on the importance of quantum mechanics and mathematics for chemistry, but they also agreed on the possibility of avoiding sophisticated mathematics at the introductory teaching level. They agreed on the development of conventions for the moderation of technical jargon, including the recourse to visual representations as substitutes for or complements to advanced mathematics. They were both keen on exploring the changing boundaries between chemistry, physics, mathematics and biology. They were both sensitive to the role of audiences and acknowledged the importance of persuading organic chemists by appealing to traditional chemical modes of thought. However, they could not agree on everything.
They disagreed on the role of a comparative methodology both in doing and in communicating science as well as on the status of theoretical entities behind scientific concepts (such as resonance structures). In fact, behind their divergent views on the use of the comparative method and on the meaning of resonance lay their divergent views on the epistemological foundations of quantum chemistry (and of science), which their dialogical intercourse helped to articulate. Whereas Pauling insisted on a one-sided approach to quantum chemistry and science based on resonance, Coulson excelled at discussing alternative approaches.
The publication of the successive editions of The nature of the chemical bond and its final abridged version was an integral part of an ambitious strategy articulated by its author. Together with his other textbooks and publications, Pauling wished to implement an agenda aimed at nothing less than reforming the science of chemistry from the point of view of quantum chemistry. This agenda also had far-reaching implications in what concerned the status of chemistry within the hierarchy of the sciences. Believing in the 'integration' of the sciences, 49 which he deemed to be achieved through the transfer of tools and methods,
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Pauling considered what he called the 'technique of thinking' to be the most important kind of transfer. It is in this respect that he came to view chemistry, and specifically resonance theory, as having a pivotal role within the physical and biological sciences. For Pauling, chemistry, through structural thinking, had a central place, a place formerly held by physics, and science as a whole should be reformed from the standpoint of chemistry. In contrast, the importance ascribed by Coulson to the application of the comparative method, in research and review papers, in articles on the popularization of science and in textbooks, of which the two editions of Valence are the most representative, made him particularly receptive to exploration of the potential of dialogical reasoning. In a sense his belief in the power of the comparative method reflected his views about quantum chemistry (and generally about science). He was a firm supporter of the view that 'the validity of the scientist's account depends on the degree of interlocking between its elements.' To elaborate on what he meant, he appropriated C. Peirce's cable metaphor, according to which 'the strength of an artificial fiber depends on the degree of cross-linking between the different chains of individual atoms.' 50 In an analogous manner, the explanatory success of quantum chemistry (and of science) rested on the degree of interlocking between constitutive elements-its different subcultures with their varying methodological allegiances, its different communities sharing values, commitments and approaches-to such an extent that it was not the relative contribution of each component that mattered, but the way in which the whole was reinforced by the cross-linking and cross-fertilization of all elements. T. Shinn and R. Whitley (eds), Expository science: forms and functions of popularization (Reidel, Dordrecht, 1985) . In this paper I take science first and foremost as an act of communication, be it at the production or at the circulation level, while challenging the distinction between the production of science and its various contexts of communication, which involve the publication of textbooks among its many instances. On the circulation of knowledge, see James Secord, 'Knowledge in transit', Isis 95, 654-672 (2004).
